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The prognosis for people near water across complex urban to rural landscapes is particularly dire. For example, as sea level rises, tropical cyclones will pose a greater risk of extreme flooding in the coastal zones, which would inflict the greatest damages on highly populated shorelines [5] . Meanwhile, it is projected that coastal growth in population and development will outpace progress in risk reduction [8] . To counter this prognosis, communities globally require measures to manage and reduce risks to people and property. Consequently, there is heightened demand for the use of ecosystems to help avoid this mounting, global risk due to natural disasters and climate change through greater community resilience building. Resilience, as considered in this paper is defined as "the capacity of (...) systems to cope with a hazardous event or trend or disturbance, responding or reorganizing in ways that maintain their essential function, identity and structure, while also maintaining the capacity for adaptation, learning and transformation" [9] . Nature-based solutions is a concept used "to promote nature as a means for providing solutions to climate mitigation and adaptation challenges" [10, 11] . The integration and use of ecosystems or natural infrastructure (e.g. floodplains, salt marsh, mangroves, etc.) that capitalize on or mimic natural processes, or work in tandem with traditional, mad-made structural approaches to address hazards and their impacts in refer to herein as ecoengineering. Communities along rivers or coasts, large or small, rural or urban, can integrate and use natural infrastructure through eco-engineering in local planning, zoning, regulations, and built projects to help reduce their exposure to flood and erosion impacts. In addition, frameworks, goals, funding instruments, and partnership can support the use of nature-based solutions. Recent advances that are helping to accelerate the integration of natural infrastructure via eco-engineering include the United Nations Framework Convention on Climate Change and Paris Agreement [12] , Sendai Framework for Disaster Risk Reduction (SFDRR) [7, 13] , Sustainable Development Goals [14] , World Bank's Adaptation Fund, and the Partnership for Environmental and Disaster Risk Reduction [15, 16] . This uptake requires even greater attention to defining the science, design and policy as well as guidance and standards related to using ecosystems to reduce risk.
The current global need for investments in infrastructure presents an immediate opportunity for incorporating guidance and standard for natural infrastructure into engineered approaches (i.e., eco-engineering). Estimates by the Organization for Economic Cooperation and Development [18] suggest that $189 trillion in infrastructure investments will be required globally, by 2030. An estimated $3.6 trillion by 2020 is needed for infrastructure to meet adequate standards in the United States [18] . Public-private partnerships, therefore, offer opportunities for dialogue on the capacity of natural infrastructure to reduce the financing requirements of projected infrastructure costs. Ecoengineering hence is viewed as a critical asset to help reduce risk to society from disasters and climate change [15, 19] . This is also acknowledged through the SFDRR via selected indicators used to monitor progress for "green infrastructure" -including "direct economic loss resulting from damaged or destroyed critical infrastructure attributed to disasters" and the "number of other destroyed or damaged critical infrastructure units and facilities attributed to disasters" [7] . The protective and regenerative services and co-benefits provided by coastal ecosystems, when recognized, can and are starting to be integrated into comprehensive risk management planning and resilience actions [20, 21, 22] . These recent advancements are supported by a growing body of scientific evidence that coastal habitats such as mangroves [20, 22] , coral reefs [23] , salt marshes [24, 25] , and oyster reefs [26, 27] can reduce the impacts of extreme weather events, storm surge, and flooding. Most compelling however, is that private and public sectors are beginning to prove that coastal habitats are in fact cost-effective defenses [28, 29] that further warrant incorporation within traditional infrastructure investments. For example, partnerships with the insurance sector applied flood and loss models to estimate that marsh wetlands in the northeastern U.S. to show avoided damages over $625 million for Hurricane Sandy [30] . This resonates in watershed management applications where ecosystems such as floodplain forest and wetlands, public amenities (i.e., parks, recreation fields, open space), and agricultural lands are critical assets that reduce downstream flooding risks to urban centers and existing infrastructure situated along major rivers and receiving estuaries [31] .
The science, management and economic advantages of eco-engineering appears viable, however there remains a need for further definition, designing, calibrating, and monitoring in coastal, watershed, and urban circumstances and at various scales and geographies. In addition, there is a need to create equivalencies and assurances on the utility of natural infrastructure. To enable a legitimate comparison and eventual adoption of ecoengineering alongside or integrated with typical engineered approaches, a great deal of multi-and trans-disciplinary collaboration is required. The incorporation of ecosystem dynamics and characteristics into regulatory guidance and standards is an immediate goal. The longer-term outcome is the universal acceptance of eco-engineering as viable alternative to traditional engineering during the first half of the 21 st century.
The following paper will provide (1) an overview of eco-engineering origins and principles, (2) a basis of risk and current status of risk reduction criteria (models and flowcharts), (3) consideration of current challenges/limitations to advancing eco-engineering applications, (4) assessment of opportunities to interject eco-engineering approaches, principles, and standards into several globally recognized frames (Integrated Water Resource Management (IWRM), Integrated Coastal Zone Management (ICZM), and other risk reduction processes -in accord with Sendai's priorities for action and guiding principles), and (5) provision of overarching recommendations to advance eco-engineering. These objectives will be illustrated by supportive examples that utilize eco-engineering in a watershed/water resource project for IWRM, coastal project for ICZM, and an urban-based, risk reduction frame and project. The examples will showcase current limitations and opportunities for integrating services and co-benefits of eco-engineering into several globally recognized frames. The limited considerations of risk reducing actions in global frames such as IWRM and ICZM can be remedied via recommendations provided herein.
Overview of Eco-Engineering Origins and Principles

Ecosystems Defined:
To properly conceptualize and implement eco-engineering as well as maintain natural infrastructure for disaster risk reduction and climate change adaptation, there is a need to define ecosystem complexities. Ecosystems are essentially integrated and dependent systems that sustain life. They are in fact living systems which is a critical consideration for eco-engineering. Ecosystems also exist and operate at various interconnected scales from the local embayment to an entire estuary and coastline (Figure 1) . Critically, ecosystems shift and adapt (or regenerate) to a diverse array of external and internal forces over time. Humans are integral parts of ecosystems [32] .
Ecosystem-Based Approaches:
As an early conceptual step, ecosystem-based adaptation (EbA) was advanced and defined as "the use of biodiversity and ecosystem services to help people adapt to the adverse effects of climate change" [33] . Ecosystems offer communities a broad portfolio of services and specific features that can help them adapt to hazards and reduce risk. Estimating the provision of services in management plans offers a systematic way to incorporate biogeophysical and socioeconomic information as well as the views of stakeholders in the policy and management process, for successful ecosystem-based management and adaptation [19, 34] . More recently, the concept of Ecosystem-Based Disaster Risk Reduction emerged (Eco-DRR; see e.g. [35] ) as a proposal to link DRR objectives with services and cobenefits of ecosystems. In 2016, a combination of Eco-DRR with Climate Change Adaptation (CCA) to foster closer alignment emerged as Eco-DRR and CCA (Eco-DRR/CCA [36] ). Eco-DRR/CCA was defined as "the sustainable management, conservation, and restoration of ecosystems to reduce disaster risk and adapt to the consequences of climate change, with the aim of achieving sustainable and resilience development" [36] . The key connection between EbA, Eco-DRR, and Eco-DRR/CCA (as well as "nature-based solutions" [10, 11] ) being the agreement on the risk reduction capacity of ecosystems that improves resilience and adaptation for people.
Ecosystem Characteristics as Protective Natural Infrastructure:
Certain characteristics of ecosystems influence how they reduce risk. Ecosystems, large and small, are driven by dynamic and ever changing climatic and physical forces that may include waves, wind, rain, storms, drought, heat, slope, and geology. In most ecosystems, it is the unique combinations of these forces (at various magnitudes) that define current and future form and function. For example, the elevation and drainage of a naturally occurring salt marsh is determined by tidal amplitude, sediment composition as well as precipitation events that carry upstream sediment to marshes in deltaic systems (i.e., Mississippi or Rhine River Deltas).
The future form of ecosystems is uncertain. Ecosystems can and are adapting to ever changing conditions, be it from natural forces and/or anthropogenic disturbances. In addition, ecosystems generally require a large amount of space and often cannot be forced preform in locations as determined by project scopes, regardless of design prowess and engineering capabilities. Finally, ecosystems are dynamic and often react in nonconforming, non-linear ways in response to site conditions and forces. In contrast, other engineering approaches in coastal, riverine, and urban locations that use hard, static structures against specific forces (waves, wind, precipitation) are singular in purpose with specific design life and predictable reactions to stress (even if failure has often occurred). A balance between form and function with careful considerations of limitations is needed to truly integrate ecosystems and engineering and design (i.e., eco-engineering) across coastal, riverine, and urban landscapes, as represented in Figure 1 and 2.
In coastal areas, the protective services provided by ecosystems such as, reefs, tidal wetlands, and coastal vegetation, is diverse [e.g. 22, 24, 37, 38, 39, 40, 41, 42] , as they:
 Buffer the effects of storms, including extreme sea levels through the attenuation of waves and surges;  Reduce wave energy and associated shoreline erosion, in turn reducing economic and property loss;  Reduce stormwater flow rates into receiving waters;  Build land by generating and trapping of sediments, and stabilize the shoreline by influencing wave energy and hydrodynamic circulation;  Allow cross and long-shore natural sediment movement; Improve water quality in bays and estuaries by filtering pollutants (e.g. wetlands);  Can self-adapt to changes such as sea level rise;  Trap carbon to help mitigate climate change;  Create and connect diverse habitats for fish and wildlife, including valuable fisheries thus sustaining livelihoods locally and beyond;  Provide recreation, aesthetic, and cultural values.
Floodplains are areas of land adjacent to waterways that stretch from channel banks to the base of the enclosing valley walls and experiences flooding during periods of high riverine discharge [43] . They include the floodway: the stream channel and adjacent areas that actively carry flood flows downstream; and the flood fringe: the areas inundated by the flood, but are not subjected to high velocity currents. Effectively, a floodplain is an area near a river or a stream that floods when the water level reaches flood stage. Floodplains can support particularly rich ecosystems, both in quantity and diversity. Floodplain provides a wide range of services including water flow and flood regulation that are largely determined by the connectivity between water body and floodplain, which can be hampered by development and infrastructures. Reduced connectivity between river beds, river channels and floodplains is often related to reduced flood-protection and increase losses.
Although these areas are highly susceptible to flooding, human settlements have been built historically on floodplains due to access to water, fertile soils for agricultural production, cheap transportation and ease of development on flat land. Floodplains are some of the most valuable places on the globe, both for people and wildlife. Fertile soils deposited by rivers make these areas extremely productive for agriculture. Within these areas, fish and wildlife thrive, benefiting important commercial and recreational industries, too. This explains why in the past centuries humankind has encroached on these rivers and deprived them from large parts of their floodplains.
Floodplains provide valuable services to people and larger ecosystems [44, 45, 46, 47] including;  Flood Protection: Floodplains provide a river more room as it rises, thereby reducing pressure on manmade flood protection structures, like levees and dams.  Improved Water Quality: Floodplains act as natural filters when inundated through removal of excess sediment and nutrients that can degrade water quality and increase treatment costs. Degradation of water quality due to the loss of floodplain habitat can be noted along smaller rivers and at-scale at large river basins, for example in hypoxic or "dead" zones downstream where little life exists due to excess nutrients carried by rivers.  Recharged Aquifers: Outside of a river's main channel, water flow is slowed and has more time to infiltrate where it can replenish aquifers, which serve as a primary source of water for many communities and are critical for irrigation that grows much of the world's crops.  Improved Wildlife Habitat: Floodplains are home to some of the most biologically rich habitats on the globe. They provide spawning grounds for fish and critical areas of rest and foraging for migrating waterfowl and birds.  Recreational Use: Recreational activities such as fishing, hunting, camping, hiking, wildlife watching or boating come with the natural processes of rivers and healthy floodplains. These recreational activities are important economic activities in the United States and around the globe.
In urban areas, protective services are often limited due to prior land use policy and extensive development. The emphasis then is placed on restoring or enhancing ecosystems through eco-engineering to reestablish services and co-benefits (coastal and floodplain above) with additional focus on minimizing heat and air quality impacts on residents, public outdoor spaces, and building exteriors through urban tree canopy maintenance and enhancements ( Figure 2 ). Reduction of localized, precipitation-driven flooding is a key role of eco-engineered runoff capture and infiltration approaches widely referred to as stormwater gardens, bioswales, and/or rain gardens. Eco-engineering focused on facilitating stormwater runoff were introduced as sustainable urban drainage systems ('SUDS') at the end of the last century [48] .
 Techniques that focus on retention of stormwater, such as retention basins, are often combined with green spaces, such as green roofs, artificial wetlands, infiltration trenches and grassed filter strips resulting in multiple purposed use of space. This also aids in groundwater recharge [49] .  In addition, the buffering from coastal and inland flooding of public amenities and public or private structures along urban river banks, harbors, and open coastlines is a central focal point for urban eco-engineering applications.
 Unlike many coastal and floodplain locations, ecosystems services that enhance cultural, aesthetic, and recreational opportunities are highly valued in urban landscapes alongside protective functions. 
Basis for Risk Reduction and Status of Criteria for Eco-Engineering
It is increasingly recognized and demanded that assessments of adaptation measures are based on risk analysis and science [50, 51, 52, 53] . Loss and Damage and Analytical approaches [54] that quantify and assess risk can provide a rationale to make informed decisions on how to manage risks and quantify the effectiveness of measures to reduce them [49, 55] . Furthermore, adaptation and climate risk assessment need to provide targeted policy information that address stakeholder's concerns [50, 55] . This includes: (i) quantitative projections of long-term climate risks, (ii) define risk drivers, (iii) associated costs, and (iv) assess curative measures. Only economic, ecological and engineering frameworks that work on these principles can be used to make fiscally and socially responsible decisions about adaptation strategies by communities [52] .
It is increasingly recognized that coastal and freshwater ecosystems from rural to urban settings can offer engineering performance and therefore reduce risk. However, to use ecosystems for risk reduction, it is necessary to quantitatively assess risk and the risk reduction potential of ecosystems in economic terms. Risk occurs at the intersection of climatic hazards and socio-economic exposure. Flood risk is therefore a function of probability, exposure and vulnerability [56] . In practice, risk is calculated as the probability than an event occurs (hazard), the reach of the flood extent (exposure), and the associated consequences (e.g. losses) ( Figure 3 ).
Risk analysis and science is well established for modeling of catastrophic events that project the effects of extreme events on people and assets. Risk is usually measured as the economic losses or damages associated to a certain probability, usually expressed through return periods (an estimate of the likelihood of an event, like extreme sea levels or a river discharge flow, which is usually based on historical data and represents the average recurrence interval over extended time periods). Nature-based risk reduction can be assessed under similar frameworks (e.g. Figure 3 ) using different models and approaches [e.g. 57, 58] . Figure 3 provides a modeling framework to quantify risk. It involves sequential steps: (1) define the hazards (flooding, calculated from the action of waves and surges in coastal areas and rainfall and runoff in rivers), including the effect of the ecosystem on flooding (through physical characteristics such as friction, geometry, catchment capacity and retention, etc.), (2) define the exposure, i.e. people and assets in the flooded area; and (3) assess economic damages using damage curves that relate flooding properties (e.g. water depth) with the intensity of the damages. Assessing these risks for a scenario with (a) absence of natural infrastructure protection and (b) with the effect of natural infrastructure protection and/or eco-engineering options (see lower left diagram in the Figure 3 ) provides a quantification of the protection ecosystems provide. A similar approach can be used to compare different scenarios and contributors to risk, for example the effect of climate change or changes in economic exposure (e.g. urbanization). [52] . For example, a flood event with frequency 1-in-R years (i.e. where the return period is R, and the probability of 1/R), the difference between scenarios A and B, i.e. between the baseline risk and with nature-based option, represents the economic value the protection offered by that measure. The effect of this reduction (the risk reduction curves with and without nature-based solutions) needs to be modeled for each specific measure, site, and with the local settings (e.g. [58, 59] ), the curves in the diagram only represent sample curves for explanatory purposes. See [55, 60] for additional information.
Proactive engineering applications that factor in the "difference" provided by the presence/absence of ecosystems serve as vehicle to justify the use of natural infrastructure using this flowchart. Further still, progressive applications should facilitate and enhance ecosystem co-benefits as reviewed above. Flowcharts of specific elements to address when assessing risk and risk reduction from ecosystems are instructive ( Figure 4 ). For coastal areas and floodplains, the models vary but their assessment framework is consistent and equally applicable, as represented in Figure 4 . The figure shows a general flowchart with steps to take for assessing economic damages and protection offered by coastal (left) and freshwater (right) ecosystems. The steps show the existing compatibilities based on an assessment framework depending on location and flood-driver for coastal and freshwater, respectively (The Nature Conservancy).
Current Challenges and Limitations to Eco-Engineering
Current engineering practices and practitioners require a higher level of confidence and certainty about natural infrastructure as being able to reduce risk. As a response, ecological restoration efforts have over the last 20 years expanded to incorporate hazard mitigation as a priority (i.e. eco-engineering [61] ). A recent synthesis [40] of sixty-nine coastal projects suggests that average wave height reduction ranges from 35 to 71% depending on habitat type and location (high/low energy coastline), such as coral reefs (70%), salt marshes (72%), mangroves (31%), and kelp beds (36%). Under non-storm conditions mangrove forests are highly effective at reducing waves by approximately 70% of nearshore height and eliminate scour of the mangrove bed [62] . Other studies have shown that mangrove forest width influences wave reduction; 13 to 66% over 100 meters versus 50 to 100% over 500 meters [63] due in large part to frictional drag within the water column by mangrove trunks and roots. The density, spacing, age, and size of trees, as well as the species of mangrove can also have a dramatic effect on wave height reduction. Under storm surge conditions, there is a reduction of 4 to 48 centimeters per kilometer wide forest depending on hydrodynamics in front of and within the mangroves [63] which can have an impressive reduction in landward flooding extent to coastal property. Under tsunami conditions, mangrove can reduce flood depths by 5 to 30% over 200-meters or more wide forests however, wave heights above 4 meters will decimate mangrove forests regardless of width [63] . Overall, there is no overwhelming evidence that mangrove forests can reduce significantly the impacts of big tsunami waves [64] . Under many of these scenarios, mangrove forests can decrease the flood level on the landward edge by at least 35% in the presence of both barrier and fringing reefs in coastal Belize [62] .
In more temperate regions of the world, coastal salt marsh is a focal habitat when considering protective services and risk management. Under experimental conditions in a 300-meter wave flume with 40 meters of transplanted natural marsh vegetation, wave attenuation was estimated by Moller et al. [25] at 60%. These authors also noted that despite the eventual damage to the vegetation the marsh substrate remained resistant to erosion suggesting that salt marsh is an important element for coastal risk reduction. In the Yangtze Estuary, China, waves ranging between <0.1 and 1.5 meters were effectively attenuated completely over a marsh width of 80 meters except for the largest waves which required >100 meters [65] . For marshes in front of a dike in the Netherlands, van LoonSteensma et al. [66] demonstrated that under storm conditions wave run up on the levee is reduced by 20-100%, depending on water depths and wave heights. These authors suggest that salt marsh when restored in front of a dike will reduce wave attack on the adjoining dike thus enhancing the overall risk reduction of an integrated, flood control system. In addition to salt marsh width, Yang et al. [65] also demonstrated an inverse correlation between plant height (Spartina alterniflora -tall and short form) and wave attenuation rates; the taller the vegetation the more wave attenuation. Based on these few studies the width, landscape position, and vegetation type are certainly an important design consideration for natural infrastructure projects involving salt marsh. While this empirical evidence demonstrates the capacity of natural infrastructure to reduce risk, the extent of comparable data currently curtails the ability to translate physical characteristics of these habitats into standards, criteria, and design parameters for engineering purposes; with the exception being coral reefs in high energy coastlines.
Additional challenges to the uptake of eco-engineering approaches and practices include more site specific, engineering considerations/concerns including (after [67] ):  Site suitability for physical environmental criteria such as amount of exposure, slope, and capacity to withstand loads of varying magnitudes and duration.
 Physical site characteristics and those of adjoining land uses. Neighboring properties with natural, undeveloped coasts will minimize wave energy deflection towards the natural infrastructure project site under consideration.  A well-designed eco-engineering project must be durable and able to weather the wide range of storm events from higher frequency -lower energy to lower frequency -higher energy.  To maximize a project's lifespan, maintenance and monitoring programs should be incorporated into their designs and approved plans.  Functional lifespan -requires durability from event to event or during a sequence of changing events (i.e., thunderstorms, waves and high tide; ice; storms).  Longevity -natural infrastructure project rarely have a 25-year lifespan; [10] [11] [12] [13] [14] [15] years is more typical.  Eco-engineering project design may need to integrate hard infrastructure elements (i.e., hybrid approaches). This type of application could extend the project's longevity from 15 to 25 years in some cases.  Sustainable design of projects also requires an accounting of changing conditions such as increases in sea level rise and/or storm intensity over the projects intended life span (i.e., consideration 10 years -2.5cm to 5cm of static sea level rise).  Eco-engineering projects should look to achieve multiple objectives if possible such as native habitat and erosion prevention for immediate and nearby infrastructure and homes.
Additional challenges center on the fact that applications are still very scarce and tools limited [68] , funding sources mostly restricted to traditional environmental protection and restoration rather than natural infrastructure funding [69] , and regulatory and technical barriers persist broadly. The lack of standards and targeted guidelines are limiting a broader uptake. Case studies and supporting long-term monitoring are required to enhance confidence and comparability with standard engineering for coasts, floodplains, and urban landscapes.
Global/Regional Frames and Supportive Examples
An effective way to reduce these challenges/limitations and justify and legitimize the use of eco-engineering is by identifying interjection points within existing globally accepted land use/policy/management frames currently employed in coastal and watershed management (i.e. IWRM, ICZM). These frames are continuous processes that guide decisions surrounding coastal and watershed management. Usually, these processes are complex including diverse stakeholders, are trans-sectoral, and focus on issues on large system scales that extend beyond political and legislative boundaries. The principal project phases identified in IWRM and ICZM are ( Figure 5 ):
1. Inception -entails defining the natural, social and institutional landscape; 2. Problem analyses -risk assessment with specific attention on physical, sociological and ecological elements of the system and preferably consider extensive time and spatial scales; 3. Strategy building -development of alternative strategies with measure(s) that consider structural and non-structural methods and combinations (green, grey, hybrid solutions); 4. Implementation -design, construction and maintenance; 5. Monitoring -evaluation to assess performance of measures.
Each of these phases offers opportunities to consider or reconsider eco-engineering integration (see Figure 1 and 2) into land use/policy decisions; particularly at project onset (i.e. Inception) and during "Problem analyses" with specific attention given to natural, social and economic factors [70] . Importantly, both the "Inception" and "Strategy-building" phases can include developing a comparative financial assessment that includes ecoengineering alternatives along with project development and pace. Links between ecoengineering and IWRM and ICZM. initiated by van Wesenbeeck et al. [71] , are expanded here via examples across prominent coastal, floodplain, and urban landscape settings with an additional repository in Table 1. 
Integrated Water Resource Management Frame
A central driver of socio-economic growth and ecosystem integrity is water resources. The allocation, use, and return of this resource has been productively managed in most cases via the IWRM frame which seeks to do so in a sustainable and equitable manner that minimizes demand conflicts. The three core principles of IWRM as described in a Global Water Project's report [70] are:
 Enabling appropriate policies, strategies and legislation for sustainable water resources development and management;  Institutional framework through which the policies, strategies and legislation can be implemented; and  Management instruments required for the implementation.
Despite the large number of tools and guidelines available through the IWRM frame and process there are currently no comprehensive approach or examples that integrate resilience across diverse landscapes and hydrologic hazards within the context of applying eco-engineering. This type of consideration is critical to developing robust eco-engineering applications and principles. For example, in Europe, the remaining floodplains are viewed as important for nature conservation with required targets of 15 percent restoration of degraded ecosystems and their services by 2020 per the EU Biodiversity Strategy [73] . Since 2012, in Europe for the 'Directive on the assessment and management of flood risks', better known as the 'Floods Directive', has become a new instrument to articulate flood risk reduction and align it with environmental and restoration goals. Sustainable flood risk management combines elements to reduce the exposure to flooding, lessen the vulnerability of people and property, execute a sensible management of land and the environment, and improve preparedness and early warning for adverse events [73] . In Europe, proactive nature-based flood risk management not only meets objectives of the EU Floods Directive, but also the Water Framework Directive, and the Birds and Habitat Directives [73] .
Integrated Coastal Zone Management Frame
Integrated Coastal Zone Management refers to the holistic process of realizing a sustainable vision for coastal zones considering diverse stakeholder' needs and values. It is based on strong understanding of the coastal ecosystem, including biophysical and ecological components, followed by defining strategies for dealing with long-term issues. Just like IWRM, ICZM is a circular process that needs to be evaluated as external conditions and system responses change. Per the European Commission "ICZM seeks, over the long-term, to balance environmental, economic, social, cultural and recreational objectives, all within the limits set by natural dynamics". The need for coastal zone management typically arises where populations face problems with coastal erosion or flooding -often due to poor land use management and over development. There are four main goals of ICZM as identified by Thia-Eng [74] :
 Maintaining functional integrity of coastal resource systems;  Reducing conflicts on resource use;  Maintaining a healthy environment;  Facilitating multi-sectoral development.
These goals are rather broad and general but offer a good basis for working towards solutions and measures that integrate eco-engineering in ICZM, which are widely accepted and minimize conflicts with existing natural infrastructure.
Recently, guidance on using natural infrastructure to reduce risk was developed by the World Bank in collaboration with a wide-range of multidisciplinary partners [75] . This guidance makes use of IWRM and ICZM and offers a series of implementation steps and guidance via five principles that aim to accelerate and improve implementation the use of natural infrastructure to reduce risk (i.e., eco-engineering) [75] .
Eco-Engineering Supportive Examples
The following examples illustrate the use of eco-engineering via a watershed/water resource project for IWRM, a coastal project for ICZM, and an urban resilience project. The examples examine the current limitations and opportunities for integrating ecoengineering into several globally and regionally recognized frames.
Coastal
Building with Nature Indonesia: Indonesian muddy coastlines, which are the more sheltered and gradual sloping coastlines (i.e., North coast of Java) are increasingly suffering from erosion and flooding [76] . This is mainly caused by alteration of river flows, removal of mangroves, and unsustainable management of groundwater resources. Extraction of large amounts of groundwater from deep wells (greater than 100 meters) by industry, government buildings, and hotels causes rapid subsidence of coastal cities in Indonesia [77] . Conventional measures, such as seawalls and breakwaters, easily fail on the soft muddy soils and suffer from the rapid subsidence [78] . Hard infrastructure, such as seawalls with steep slopes, reflects waves thereby increasing bottom shear stresses, which create scour in front of the construction leading ultimately to the collapse of seawalls [79] . Attempts to restore the coastline through mangrove planting efforts often fail because elevation is too low and wave impact is too high. A pilot experiment along several kilometers of coastline was started with placing permeable brushwood dams that reduce wave energy but do not block sediment transport. Whereas many projects claim to use mangroves for flood risk reduction, this project is unique in that it started from a large-scale system perspective integrating coastal planning, watershed management, drinking water resources and community livelihoods. It followed steps for Integrated Coastal Zone Management in that it started with an inception phase to determine stakeholders, budgets and boundary conditions. Second, a situation analysis was carried out, specifically focusing on large scale system behavior, as the project embraces the from "ridge to reef concept" and tries to address both sediment and freshwater availability. Coastal construction of concrete seawalls is extremely expensive and technically challenging due to the presence of thick soft sediment layers in this area. Present hard structures that are constructed with low budgets show signs of failure after 1-2 years of implementation. Therefore, other measures that focus more on stopping erosion and increasing sedimentation were considered as alternatives within ICZM. After assessment of the system and distinct measures, the project made an eco-engineeringbased plan for design of permeable dams and adopted an adaptive approach where each year design is adopted based on measurement results of previous years [80] . The project works to achieve clearly set targets and these targets also operate at different scales. Monitoring, evaluation, management and new design all aim to achieve these targets at different scales [80] . Additionally, the local community is strongly involved in the design cycle and delivers input to new designs of dam locations. Further, field programs are started that offer communities a large-scale perspective on their own system, but mainly focus on optimizing pond production for local aquaculture farmers. This way, coastal measures to stabilize the coastline are combined with community programs to improve local incomes. Although systematic process steps are followed, implementation remains challenging. First, construction of permeable dams needs to be done by hand and achieving the right level of robustness therefore remains a challenge. Second, working with a crosssectoral team needs constant communication and more intense collaboration than in project that follow conventional approaches.
Floodplains
Traditional flood risk management approaches seek to constrain watercourses by building dykes and hardening river banks to increase discharge capacity, dredging and building reservoirs and artificial retention areas to store excess of flood water. During extreme flood stages the amount of damage can be catastrophic if engineered systems are overwhelmed and fail. Perversely, engineered flood-protection systems provide the perception of increased security, the areas behind a hard infrastructure (e.g. levees) are often highly developed, which has considerable economic and social consequences if the flood event is of a higher magnitude than the protection level (e.g. Hurricane Katrina and New Orleans). These protection measures may have also environmental impacts (e.g. water quality) limiting the capacity of the floodplain to provide ecosystem services.
In contrast, by reconnecting streams, rivers and natural storage areas and enhancing the capacity and quality of wetlands, river restoration increases the natural capacity to store flood water and ameliorate risk and damages. A network of natural and semi-natural areas designed and managed to deliver a wide range of ecosystems services also assists flood protection. Floodplain restoration is an important measure which gives more room to rivers, develops ecological beneficial hydrological regimes, and enhances floodplain and wetland habitats. Understanding of flow discharge, sediment transport, and (large-scale) morphological behavior [45] is essential. Ideally, excess flood water is stored in naturally beneficial areas that also increase flood risk management options for communities responding to climate-related fluctuations in rainfall cycles and extreme weather patterns. In recent years, governments and managers of various rivers around the world have recognized these principles and proactively developed floodplain restoration projects for flood alleviation and restoration purposes, or both (i.e. eco-engineering).
The Floodplains by Design (FbD) project in Washington state (USA) is a comprehensive effort driven by broad watershed-scale, public-private partnerships to ensure better management of shared floodplain resource through the integration of flood hazard reduction, habitat protection and restoration, and improved water quality and outdoor recreation [47] . The FbD requires consideration of the dynamic connections and interactions of land and water through which a river flow (Inception (see Figure 5) ) and a modeling application (Problem Analyses) that maps ecosystem service values and tradeoffs (Strategy Building) between conservation and development (Implementation and Monitoring).
A central concept of an FbD approach is that areas that flood most frequently (e.g. every one to five years) are areas most valuable for floodplains since they provide the most ecosystem services for people, but are most at risk of repetitive flood damages when developed. An FbD approach calls for these areas to be managed differently than other areas of the floodplains, following some key principles (modified from [47] ):
• Natural Infrastructure Use Maximized -work with, not against, natural processes such as flooding frequency and extent (annual, 100 yrs., 100-500 yrs.) by incorporating floodplains, wetlands and open areas in management decisions. Some key tactics include:
○ Setback Levees: levees or berms constructed or moved farther from the river and ideally out of the annual and 100 yr. floodplain, thereby allowing rising rivers more room to adjust and flood yet provide protection during extreme flood events (100-500 yrs.).
○ Connected Floodplains: Connected or never "cut off" from the river by levees or other structures or "reconnected" by the removal or management of levees.
• Portfolio of Diverse Flood-Risk Management Techniques -tailor techniques to specific requirements of the watershed. In addition to dams and levees as well as setback levees and connected floodplains, such techniques can include floodways and flood bypasses, which are large-scale floodplain reconnections for storage and conveyance of water.
• Community Benefits Maximized -from initial identification of community needs/values, seek to enhance benefits of floodplains and rivers to local entities by improving access, safety and health of river systems through collaborative consideration of solutions; not only reducing flood risk but also improving habitat for fish and wildlife and water quality impacts at the source.
• Plan and Implement Resilient "Whole-River" Practices -dams, levees, floodways, natural areas, topography, croplands, existing and planned developments, and river uses -such as for recreation, municipal water supply, irrigation, and navigationare all inter-related and must be managed as such.
• Mosaics of Accommodating Land Uses -a mosaic of diverse land uses that are both resilient to flooding and consistent with vibrant communities; tailor land use for the average frequency and duration of floods the area is subjected to.
These key FbD principles provide critical and discrete intersections with IWRM's three core principles [70] ; particularly for sustainable water resource management and instruments for implementation; as well as with ICZM via Figure 5 . The following examples reinforce these principles and intersections.
The Calistoga Reach FbD project has helped dramatically reduce flood risk for the City of Orting, Washington state (USA) and surrounding community [81] by reconnecting side channels, moving 2.4 kilometers of the levee back to more than double the width of the river, and installing log jams that add river complexity and shoreline protection. The project has also improved the habitat conditions. During a January storm in 2009, the Puyallup River in Washington was raging and crested at 479 cubic meters per second (cms), and approximately 26,000 people were evacuated, which constitutes one of the largest evacuations in the State's history. The Puyallup River again crested above 453 cms on November 25th, 2014, after the redesign of the floodplain, with a balance of only a handful of residents evacuated.
The Mollicy Farm Project in northern Louisiana (USA) is the largest floodplain restoration in the Mississippi River Basin to date [82] . Once a vast expanse of bottomland hardwood forest seasonally inundated by the floodwaters of the Ouachita River, the Mollicy Farms unit was separated from the river in the late 1960s and early 1970s by a 27-kilometer-long levee and converted to agriculture. In the 1990s, the Conservancy helped the U.S. Fish and Wildlife Service (FWS) acquire much of the Mollicy unit and add it to the national wildlife refuge. The FWS planted more than three million bald cypress, oak and ash trees and a host of other native species on almost 4,450 hectares of the refuge to restore the floodplain forest. The reconnection of the river and its floodplain was critical to the long-term health of the forest and aquatic life in the Ouachita River. Levee setbacks to help reconnect floodplain can bring multiple benefits and can also capitalize on opportunities during post storm recovery.
Other examples of these approaches have been implemented in the Danube River (Europe), Mississippi River (USA), Cauca River (Colombia) and the Rhine River (Germany) (see [83] ). It is worth noting that river intervention work based on these key principles have also been shown to impact flow and sediment transport fields and induce larger dynamics of the riverbed [83] , potentially affecting navigability. This is a factor to consider for management and reflects the multifaceted nature of watershed processes. However, it reinforces the principle of having a holistic view on interests, landscape, socioeconomics, and natural processes -which are also in alignment with core IWRM principles.
Urban
To meet UN sustainable development and SFDRR goals [7, 12] , urban centers will need to achieve a higher level of sustainability, "lived experience" (SDG 11), and resilience for an ever-increasing number of residents (Inception, Problem Analyses ( Figure 5) ). Actions can include "resilient infilling" to increase density in lower risk areas by demarcating receiving zones from higher risk areas such as floodplains, low lying coastal areas, excessive heat islands, and settlements with reduced or compromised water supply (Strategy Building, Implementing, Monitoring ( Figure 5) ). Prioritizing and fortifying stable, lower risk areas with adequate structures constructed using progressive building codes and supported by adaptable social networks with the resources to accommodate change is an ideal setting to advance urban resilience. These actions offer opportunities to integrate improvements to urban spaces using functional (and physical) aspects of ecosystems such as heat amelioration (urban tree canopy), flood retention (storm gardens, bioswales), and storm surge/flood protection (salt marsh, mangroves, reefs). What is lacking is not the generation of affirmative actions like these but a comprehensive process to strategically catalogue and plan for resilience in urban centers.
Unlike IWRM and ICZM where standardized principles, policies, and practices provide a frame to intertwine adaptation to manage extreme events and climate change across complex social-ecological systems [21, 84, 85, 86] , urban centers present fundamental challenges to resilience planning and design [87] . Currently, there are limited examples [88] and no standardized process upon which resilience approaches can be integrated in urban centers [89] . Clearly, the challenges rest in the fact that urban centers are complex, interrelated, spatially-dependent systems developed over time in response to historic events and punctuated by periods of redesign/retrofit; given current local and global social-ecological demands [87, 90, 91] . The comprehensive utilization and application of eco-engineering practices for example across an interactive network of projects in urban centers are therefore limited [90, 92, 93] ; particularly as it relates to extreme weather events accentuated by a changing climate.
To decipher the complexity of resilient urban systems in a comprehensive manner there is an engagement prerequisite. The CRB elevated awareness of ecosystem services such as flood retention and protection from extreme weather events at the neighborhood scale. One priority outcome was the identification of salt marsh advancement zones [96] and green infrastructure installation projects to help reduce the exposure of disadvantaged populations. Subsequent stormwater gardens were installed [97] that have served as pilots exportable to other neighborhoods. To identify suitable locations for additional eco-engineering applications a neighborhood screening tool was developed -Eco-Urban Assessment [98] . This tool utilizes locally available data sources and a model building software package (i.e. python model builder) to identify spatial intersections of critically important risks and conditions across pre-defined neighborhood divisions. The tool identified those neighborhoods with the highest asthma rates, dependents (<18 years old), elderly (>65), low/moderate income, elevated flood exposure, and lowest urban tree canopy (i.e. heat islands). The intersection or aggregation of these variables helped prioritize neighborhoods with highest risk and greatest need of eco-engineering interventions. The coupling of this tool with community engagement has galvanized neighborhood-scale leaders in support of eco-engineering activities including urban tree canopy enhancement and bioswales in proximity to high-use amenities (community centers, housing renewal projects, public transit hubs, school playgrounds, main streets, churches).
Urban centers require these focused neighborhood-scale applications within a regional planning framework to ensure comprehensive uptake and resilience [see 87].
Simultaneously with these neighborhood-scale projects in Bridgeport, the Regional Framework for Coastal Resilience project that encompassed this municipality and nine others in Southern Connecticut (10 municipality planning area) was initiated to amplify local resilient actions and conceptual design of regionally significant eco-engineering projects [94, 99, 100] . Figure 6 provides rendering of eco-engineering alternatives to address current, routine flooding and longer-term sea level rise implications to a regionally significant, multi-modal transportation hub, municipal courthouse, regional commuter rail line, and a critical power sub-station. The design provides progressively sophisticated alternatives to safely accommodate accelerating levels of projected flooding out to 2100 and focus on utilizing existing undeveloped, publicly owned parcels. The design strategically integrates flood diversion structures (hard infrastructure) into the existing built environment coupled with flood retention through eco-engineering on the undeveloped parcels and adjoining streets and facilities. The intersection of critical local and regional infrastructure, enhancement of this public amenities and social good, and the restoration of ecosystems in the designs achieves a "resilient triple bottom line" essential for eco-engineering advancement. Coupling this type of design with a robust engagement and prioritization as illustrated here is critical to building momentum for implementation of eco-engineering projects in urban landscapes at multiple, interdependent scales (local to regional).  S/C/P = Standards, Criteria, Policies to enable eco-engineering
Conclusions and Recommendations
This article provides an overview of eco-engineering origins and principles, review of basis of risk and criteria for risk reduction, consideration of current challenges/limitations to advancing eco-engineering applications, assessment of opportunities to interject ecoengineering approaches, principles, and standards into several globally recognized frames and supportive examples across diverse landscapes. Based on this review, clearly both opportunities and challenges exist that require additional research and application to advance eco-engineering during the 21st century.
Eco-engineering approaches and projects can arise from multiple perspectives and stakeholders across diverse coastal, freshwater, and urban landscapes (Figures 1 and 2 ). Some projects are generated initially to enhance nature and biodiversity, whereas others out the focus on tourism, recreation, or flood risk reduction and climate change adaptation goals. Identifying these objectives beforehand is crucial to project success, but even more critically is the realization that eco-engineering can help achieve multiple objectives (see Figure 5 ; supportive examples/ Table 1 ). Therefore, a shift from traditional single objective engineering to multiple objective solutions is paramount along with an understanding that eco-engineering can and will be a key part of the new paradigm. Even if process steps are meticulously followed, eco-engineering projects remain challenging as they currently often require innovative techniques that lack proper design standards and performance metrics in response to locally specific constraints and opportunities.
Therefore, one should not expect broader acceptation of eco-engineering solutions until knowledge gaps are remedied. Overarching recommendations to enhance the acceptance and continued advancement of eco-engineering through science, design, policy, and multiscalar frameworks include: Integrate ecosystem services and co-benefits options into established frames (IWRM, ICRM) at all stages ( Figure 5 ) for coastal, freshwater, and urban landscapes, and combinations thereof.  Focus natural hazard mitigation and master growth plans on improving the resilience of existing habitats and ecosystems as a cost-effective approach to risk reduction at all scales (particularly once all co-benefits are accounted for).  Seek improvements to ecosystem service models and tools (e.g. Indonesia, FbD, Belize ICZM Monterrey, Mexico (Table 1) ) that allow for a more robust accounting of protective services and co-benefits in risk management planning including existing natural resources (refer to [44] for review of Eco-DRR/CCA decision tools and approaches).  Compare projects outcomes with and without natural infrastructure. Include estimates at the project specific and national scale.
• Consider restoration, enhancement, and/or creation of habitats as key alternatives in risk management frameworks, plans, and actions. This should be done systematically, alongside other options such as tradition single objective engineered options.
• Advance exploration of hybrid design and applications in diverse situations (e.g. Indonesia, FbD, Bridgeport ( Figure 6 )) with long term monitoring programs.
• Implement additional pilot projects across a variety of coastal conditions and broad geographic extent to fully demonstrate the effectiveness of natural infrastructure in reducing risk as compared to hard engineered approaches. Ensure that rigorous experimental design and long term monitoring is integral to new pilot projects.
• Work to develop eco-engineering standards and design guidelines for locally specific situations acceptable to the engineering and design communities as well as the regulatory/permitting agencies (section 4.0 above, after [67] ).
• Conduct robust community resilience building engagement around the benefits of natural infrastructure (see [47, 94, 95] ); particularly include coastal and floodplain property owners (public and private).
• Convene and participate in interactive dialogue between engineering, design, policy, and natural resource management professionals that continue to explore the efficacy of natural infrastructure, hybrid approaches, and typical engineering practices (see [67] ).
Only when these gaps are addressed will eco-engineering designs and application be able to compete with other options when disaster and climate risk objectives are being considered. In addition, general competency amongst practitioners is also in needed. This requires an important capacity development effort at all levels of decision-making, both at the individual and institutional levels. Regardless of these needs, the use of natural solutions via eco-engineering is a viable option to explore given the global imperative to reduce risk and the unprecedented demand for solutions that improve resilience at global, national, and local scales. [2] S. Hallegatte, C. Green, R.J. Nicholls, J. Corfee-Morlot, Future flood losses in major coastal cities. Nature Climate Change 3 (2013) 802-806.
